INTRODUCTION {#s1}
============

Esophageal cancer is the sixth most common cause of cancer-related death worldwide \[[@R1]\]. Esophageal squamous cell carcinoma (ESCC) is the major histological type of esophageal cancer (\>90%) in China and accounts for 60-70% of esophageal cancer cases worldwide \[[@R2], [@R3]\]. Despite the improvement of diagnosis and treatment throughout the past decades, the management of ESCC remains a challenge due to its rapid progression and metastasis \[[@R4]\]. Cancer metastasis is a complex multi-step process involving in uncontrolled proliferation, migration, invasion, adhesion and angiogenesis \[[@R5]\]. Among them, invasion is recognized as one of the fundamental characters of malignant tumor cells, which enables the cells to overcome the obstacles of cell-extracellular matrix (ECM) boundary and invade into lymph and blood vessels \[[@R6], [@R7]\]. The lymph node invasion is considered one of the most important indicators for poor prognosis of ESCC patients \[[@R8], [@R9]\]. Although a number of molecular alterations have been identified, the mechanism by which cancer cells invade to lymph nodes has not been fully elucidated. Identification of specific molecular indicators relating to lymph node invasion will provide novel prognostic and therapeutic strategies against metastatic ESCC.

The genome is continuously exposed to various damaging factors coming from endogenous cell metabolism or exogenous insults, such as UV light and other genotoxic agents. These stresses may cause DNA damage and subsequently increase the genomic instability (GIN) of cells. GIN is one of the most important features and driving forces for cancer development \[[@R10]\]. To protect the integrity of genome, cells have evolved repair mechanisms to correct specific types of DNA damage \[[@R11]\]; however, some lesions cannot be completely eliminated and will remain in DNA. The replication of unrepaired DNA will result in the stalling of high fidelity polymerases at the replication fork, named replication stress, ultimately leading to replication fork collapse and an increase in the frequency of chromosomal translocations and aberrations. Fortunately, cells employ the translesion DNA synthesis (TLS) system that recruits a group of low fidelity DNA polymerases to bypass the altered DNA template \[[@R12], [@R13]\]. Based upon the structural homology, the TLS polymerase is classified into Y-family (pol ι, pol κ, pol η and Rev1) and B-family (pol ζ), which commonly exhibit error-prone nature during DNA synthesis \[[@R13]\]. Among them, Pol ι has the lowest fidelity to bypass many types of DNA lesions during the TLS process and can also generate mutations when replicating undamaged DNA.

Consistent with its important role in the TLS pathway and its error-prone character, Pol ι was considered a double-edged sword guarding the genome and regulating cancer progression \[[@R12], [@R14]\]. Several previous studies revealed that the deficiency of Pol ι increases susceptibility to urethane-induced lung adenomas \[[@R15]--[@R17]\]. Ohkumo and colleagues showed that loss of Pol ι slightly accelerates the process of UV-induced mouse skin epithelial tumors under a *Polh−/−* background and that *Polι*−/− mice are more likely to form mesenchymal tumors, such as sarcomas, after UV exposure \[[@R18]\]. Pan et al demonstrated that the expression of Pol ι is downregulated in human stomach, lung and colorectal cancers \[[@R19]\]. On a flip side, however, overexpression of Pol ι may contribute to the accumulation of genomic mutations, subsequently increasing the frequency of a tumor acquiring phenotype. For instance Malkas\' group identified an elevated expression of Pol ι in human breast cancer cells, which was correlated with decreased DNA replication fidelity \[[@R20]\]. We have recently demonstrated that the expression of Pol ι is upregulated in ESCC tissues \[[@R21], [@R22]\] and that the dysregulation of Pol ι harasses cell cycle progression through enhancing cyclin D1 expression \[[@R22]\]. However, the relationship between Pol ι expression and tumor invasion and metastasis of ESCC remains unclear. Here, we compared the expression pattern of Pol ι in clinical samples and uncovered the promoting role of Pol ι in ESCC lymph node metastasis. Furthermore, we found that overexpression of Pol ι increases the transcription of the matrix metalloproteinase (MMPs) genes by activating the JNK-AP-1 pathway. These data suggest that Pol ι is a novel biomarker for tumor metastasis in ESCC.

RESULTS {#s2}
=======

Pol ι expression correlates with lymph node metastasis and poor prognosis in human ESCC {#s2_1}
---------------------------------------------------------------------------------------

Our previous studies demonstrated that Pol ι is highly expressed in ESCC tissues compared to adjacent normal tissues \[[@R22]\]. To further confirm this observation, the expression of *Pol ι* mRNA was examined with qRT-PCR in an expanded cohort of 82 ESCC tissue samples and 60 matched adjacent normal esophageal tissue samples. As shown in Figure [1A and 1B](#F1){ref-type="fig"}, Pol ι expression was significantly increased in ESCC tissues (63.3%) compared with adjacent normal esophageal tissues (*p*\<0.001). Lymph node metastasis has been characterized as the single most important prognostic factor for esophageal cancer \[[@R23]\]. Our results revealed that the expression of Pol ι is significantly higher in ESCCs with lymph node metastasis than those without lymph node metastasis (*p*\<0.01, Figure [1D](#F1){ref-type="fig"}), although the expression level is not correlated with T stages (*p*\>0.05, Figure [1C](#F1){ref-type="fig"}).

![Pol ι expression is frequently increased in human ESCC\
**A-B.** Pol ι expression was examined by qRT-PCR in 82 ESCC tissue samples and 60 matched adjacent normal esophageal tissue samples. Pol ι expression was significantly increased in tumor tissues compared with that in adjacent normal esophageal tissues (\*\*\**p*\<0.001, Student\'s t test). **C-D.** The correlation between Pol ι expression and T stages (C, *p*\>0.05) or lymph node metastasis (D \*\**p*\<0.01, Student\'s t test). **E-F.** MMP-2 and MMP-9 expression were examined by qRT-PCR in 82 ESCC tissue samples, and Pol ι expression was positively correlated with the MMP-2 (*p*\<0.05, Pearson\'s correlation) or MMP-9 expression (*p*\<0.01, Pearson\'s correlation).](oncotarget-07-32274-g001){#F1}

The increased expression of MMPs is necessary for tumor invasion and metastasis due to their role in degrading the cell-extracellular matrix. Our previous investigation showed that there seems to be no relationship between *Pol ι* and *MMP* expression in tumor tissues, based on a relatively small cohort \[[@R22]\]. However, when we compared the expression levels of *Pol ι* and *MMP-2/9* in ESCC using a larger clinical sample size (n=82), the results showed that the expression levels of *Pol* ι and *MMP-2/9* are positively correlated in ESCC (*p*\<0.05, Figure [1E and 1F](#F1){ref-type="fig"}). These results suggest that Pol ι may promote tumor progression through enhancing ESCC invasion and metastasis.

We next analyzed Pol ι protein expression in 170 ESCC patients by immunohistochemical assay. Immunohistochemical staining combined with Kaplan-Meier survival analysis revealed that the patients with higher Pol ι expression in ESCC tissues has poorer clinical outcomes (*p*=0.031; Figure [2A and 2B](#F2){ref-type="fig"}), indicating that Pol ι protein expression is positively associated with tumor progression of ESCC

![Pol ι expression correlates with poor prognosis in human ESCC\
**A.** immunohistochemical staining of Pol ι in 170 tumor tissue samples (100×), a: Negative expression; b, Low expression; c, Moderate expression; d, High expression. **B.** survival analysis based on the expression level of Pol ι. The groups were ranked according to the Pol ι staining intensity. The percentages of overall survival in low Pol ι expression (A, a-b) was significantly higher than that of patients with high Pol ι expression (A, c-d) (*p*=0.031).](oncotarget-07-32274-g002){#F2}

Pol ι promotes ESCC cell migration and invasion *in vitro* {#s2_2}
----------------------------------------------------------

To understand how Pol ι is associated with ESCC invasion, ectopic expression (ECA-109-Polι compared with ECA-109-NC) and specific knockdown of Pol ι (KYSE-150-shPolι compared with KYSE-150-shNC,) in ESCC cell lines were achieved. We chose ECA-109 for overexpression and KYSE-150 for knockdown study due to the fact that Pol ι is significantly highly expressed in KYSE-150 cells compared to ECA-109 cells. Western blotting and quantitative real-time PCR confirmed the expression levels of Pol ι in these cell lines (Figure [3A-3C](#F3){ref-type="fig"}). As increased motility is essential for tumor metastasis, Pol ι-overexpressing and -knocking down cells were first subjected to *in vitro* wound-healing assays. Confluent cell cultures were scraped to give rise to a wound, and cell motility was determined at different time points (24h and 48h for KYSE-150 cells; 48h and 96h for ECA-109). As shown in Figure [3D](#F3){ref-type="fig"}, overexpression of Pol ι in ECA-109 cells dramatically narrowed the wound area as compared to the control cells, whereas Pol ι depletion slowed down the migration of KYSE-150 cells. Since invasion is also an important step for cancer cell metastasis, we performed the Boyden chamber transwell assay to explore the effect of altered Pol ι expression on the invasiveness of ESCC cells. As shown in Figure [3E](#F3){ref-type="fig"}, the expression levels of Pol ι were positively correlated with the ability of ESCC cells to invade through the Matrigel coated membrane. Collectively, these data indicated that Pol ι promotes migration and invasion of ESCC cells.

![Pol ι promotes ESCC cell migration and invasion *in vitro*\
**A.** western blot was performed to detect the expression of Pol ι in four ESCC cell lines. **B-C.** Pol ι overexpression and knockdown cell lines were constructed using LV-EGFP vectors. qRT-PCR (B) and western blot (C) were used to analyze Pol ι expression in these cell lines.β-actin levels served as loading control. **D.** the wound-healing assay was performed to examine the cell migration. Cells were seeded in 6-well plates that reached confluence in 24 h. Wound healing was measured at 0, 24, 48 and 96h after scratch. The open wound area was normalized to the area at the initial time (0 h). Pol ι knockdown repressed the cell migration of KYSE-150 cells, whereas overexpression of Pol ι enhanced the cell migration of ECA-109 cells (\**p* \< 0.05, \*\**p*\<0.01, Student\'s t test). **E.** The matrigel transwell assay was performed to determine cell invasion potential. 1×10^5^ cells were plated in transwell inserts and incubated for 24 or 48 h. Cells migrated to the bottom were stained with crystal violet and calculated manually. Pol ι knockdown repressed the cell invasion of KYSE-150 cells, and overexpression of Pol ι enhanced the cell invasion of ECA-109 cells (\*\**p*\<0.01, Student\'s t test).](oncotarget-07-32274-g003){#F3}

Knockdown of Pol ι decreases the metastatic potential of ESCC cells *in vivo* {#s2_3}
-----------------------------------------------------------------------------

We further tested the effect of Pol ι depletion on the metastatic potential of ESCC cells *in vivo*. KYSE-150 cells, infected with the lentivirus containing either the control shRNA or specific *Pol ι* shRNA, were inoculated into nude mice via the tail vein. Both cell lines expressed LV-EGFP (Figure [4A](#F4){ref-type="fig"}), thus allowing us to monitor the cells *in vivo*. KYSE-150 cells colonization in different mouse organs were detected using an *in vivo* imaging system at 24h, 48h and 30 days after inoculation. As shown in Figure [4B](#F4){ref-type="fig"}, KYSE-150-shPolι cells exhibited a weaker signal of green fluorescence in the livers, lungs and kidneys of mice compared with the control KYSE-150 groups (Figures [4B and 4C](#F4){ref-type="fig"}), indicating that KYSE-150-shPolι cells are less colonized in these organs. The difference of green fluorescence levels, especially in the livers and lungs, was even more pronounced between the two groups of mice after 30 days of inoculation (Figure [5A](#F5){ref-type="fig"}). The metastatic status of transplanted KYSE-150 cells into lung and liver was further evaluated by H&E staining. As shown in Figure [5B](#F5){ref-type="fig"}, knocking down Pol ι expression dramatically decreased the number and size of tumors in lungs, and left no tumors in livers (Figure [5C](#F5){ref-type="fig"}). Taken together, these results indicated that downregulation of Pol ι expression significantly inhibits the metastatic potential of ESCC cells *in vivo*.

![Knockdown of Pol ι expression decreases the colonization of KYSE-150 cells *in vivo*\
**A.** the particles containing *Pol ι* shRNA-EGFP vectors were used to infect KYSE-150 cells, and the stable cell lines were selected in medium containing 1μg/ml Puromycin for 7 days. **B.** cells were injected into nude mice via the tail vein. After 24 or 4 h, the livers, kidneys and lungs of the mice were removed and KYSE-150 cell colonization in the organs was visualized using an *in vivo* imaging system. All the photos were taken under the same condition. **C.** relative green fluorescence levels in the indicated group of tissues were calculated using the ImageJ image analysis software (\**p* \< 0.05, \*\**p*\<0.01, Student\'s t test).](oncotarget-07-32274-g004){#F4}

![Knockdown of Pol ι expression decreases the metastatic potential of KYSE-150 cells *in vivo*\
Cells were injected into nude mice via the tail vein. **A.** after 30 days, the livers, kidneys and lungs of nude mice were removed and the metastatic status of transplanted KYSE-150 cells into those organs was evaluated by an *in vivo* imaging system. **B-C.** the lungs (B) and livers (C) were fixated in 10% phosphate-buffered formaldehyde and embedded in paraffin. Tumors were confirmed in H&E-stained sections.](oncotarget-07-32274-g005){#F5}

Pol ι upregulates the expression of MMP-2 and MMP-9 through activating the JNK-AP-1 pathway in ESCC cells {#s2_4}
---------------------------------------------------------------------------------------------------------

MMPs induce extracellular matrix remodeling and promote cancer cell invasion and metastasis \[[@R24]\]. To understand the potential mechanisms of Pol ι-mediated tumor invasion and metastasis, we examined the effect of altered Pol ι levels on MMP-2 and MMP-9 expression in our model systems. Overexpression of Pol ι increased MMP-2 and MMP-9 expression in ECA109 cells as evidenced by western blot analysis. In contrast, specific knockdown of Pol ι significantly reduced the expression of MMPs in KYSE-150 cells (Figure [6A](#F6){ref-type="fig"}). These results indicated that Pol ι induces MMPs expression in ESCC cells. Since AP-1 stimulates MMP gene transcription \[[@R25]\], we further examined the involvement of the AP-1 pathway in Pol ι-induced MMP expression, using a dual-luciferase reporter gene assay. The pAP1-Luc (Promega, USA) and pRL-SV40 (Promega, USA) vectors were co-transfected into KYSE-150 cells with Pol ι knockdown or ECA-109 cells with Pol ι overexpression. The luciferase activity was determined by an luminometer 36h after transfection. As shown in Figure [6B](#F6){ref-type="fig"}, overexpression of Pol ι enhances AP-1-mediated reporter activity, whereas knockdown of Pol ι leads to a significant inhibition of the reporter activity. In addition, we observed that overexpression of Pol ι enhances and knockdown of Pol ι diminishes the phosphorylation of JNK, an established critical regulator of AP-1 activation \[[@R26]\] in ESCC cells. To determine the potential role of the JNK-AP-1-MMP signal pathway in Pol ι-induced ESCC cell invasion and metastasis, Pol ι-overexpressing ECA-109 cells were exposed to a specific JNK inhibitor, SP600125. Treatment with SP600125 almost completely inhibited Pol ι-induced JNK activation and MMP overexpression (Figure [7A](#F7){ref-type="fig"}). Furthermore, SP600125 also prevented Pol ι-enhanced ESCC cell migration and invasion, as determined by wound-healing and the transwell chamber assays (Figure [7B and 7C](#F7){ref-type="fig"}). Taken together, these results revealed that Pol ι enhances the metastatic potential of ESCC cells via activating the JNK-AP-1-MMPs pathway.

![Pol ι enhances MMP-2 and MMP-9 expression through activating the JNK-AP-1 pathway\
**A.** western blot analysis of the expression levels of JNK, p-JNK, MMP-2 and MMP-9 in Pol ι overexpression and knockdown cell lines.β-actin levels served as loading control. **B.** cells were seeded in 24-well plates and transfected with pAP1-Luc vector for 36h. The luciferase activity was analyzed by a dual-luciferase reporter system. The luciferase activity was normalized by co-transfection with 50 ng pRL-SV40 vector and analysis of Ranilla activity (\**p* \< 0.05, \*\**p*\<0.01, Student\'s t test).](oncotarget-07-32274-g006){#F6}

![Pol ι promotes ESCC cell migration and invasion through the JNK-AP1 pathway\
Pol ι overexpression cells were pretreated with SP600125 for 24h. **A.** western blot analysis of the expression levels of JNK, p-JNK, MMP-2 and MMP-9. **B.** wound-healing assay at 0, 48 and 96h after scratch. The open wound area was normalized to the area at the initial time (0 h, \**p* \< 0.05, \*\**p*\<0.01, Student\'s t test). **C.** cells were plated in matrigel transwell inserts and incubated for 48h. Cells migrated to the bottom were stained with crystal violet and calculated manually (\*\**p*\<0.01, Student\'s t test).](oncotarget-07-32274-g007){#F7}

DISCUSSION {#s3}
==========

The presence of metastatic cancer cells in the regional lymph nodes is the most important prognostic factor for esophageal cancers \[[@R28]\]. It has been shown that the overall 5-year survival rate after surgery is 70-92% for patients without lymph node metastasis, whereas the survival rate decreases to 18-47% in patients with lymph node metastasis \[[@R9], [@R29]\]. Thus, identification of biomarkers indicative of local invasion and regional metastasis could be advantageous for ESCC prognosis and management. In the present study, we examined the expression of Pol ι and its association with tumor metastasis in 82 samples of ESCC. Our data demonstrated that the expression level of *Pol ι* is positively correlated with ESCC lymph nodes metastasis (Figure [1D](#F1){ref-type="fig"}), an observation that is in agreement with our previous conclusion \[[@R22]\]. Consistent with this observation, the expression of Pol ι was significantly associated with a poor prognosis in patients with ESCC (Figure [2](#F2){ref-type="fig"}). Using well established ESCC cell model systems, we found that Pol ι indeed stimulates the invasiveness and migration of ESCC cells *in vitro*. A tail vein injection of ESCC cells *in vivo* confirmed that Pol ι could enhance the potential for colonization of ESCC cells (Figures [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}). Therefore, the results we obtained from human ESCC tissue samples, ESCC cell lines, and a xenograft mouse model ESCC support the conclusion that Pol ι promotes tumor invasion and metastasis in ESCC, and may serve as a prognostic marker for this devastating malignancy.

MMPs are a family of structurally related zinc-and calcium-dependent endopeptidases that enhance the progression of the epithelial-to-mesenchymal transition (EMT) \[[@R30], [@R31]\] via degrading various components of extracellular matrix (ECM) and promoting detachment of epithelial cells from the surrounding tissue \[[@R32]\]. MMP-2 and MMP-9 participate in proteolysis of major components of the basement membrane and are associated with tumor invasion and lymph node metastasis \[[@R33], [@R34]\]. We have demonstrated that the expression levels of *Pol ι* are positively correlated with that of *MMP-2* and *MMP-9* in ESCC tissues, and that Pol ι increases the expression of MMP-2 and MMP-9 in ESCC cell lines (Figure [1E, 1F](#F1){ref-type="fig"} and Figure [6](#F6){ref-type="fig"}). These observations provide a potential explanation for the process of Pol ι-induced tumor invasion and metastasis. This insight was further corroborated by the finding that Pol ι significantly enhances transcription of the luciferase reporter gene containing the AP-1 binding element (Figure [6B](#F6){ref-type="fig"}), suggesting that AP-1 activity is required in Pol ι-induced MMP expression. Note that AP-1 is known to positively regulate the transcription of MMP genes in cancer cells \[[@R25]\].

JNKs are members of the mitogen activated protein kinase (MAPK) family, and are considered to be the crucial upstream kinases involved in AP-1 activation \[[@R26]\]. We found that Pol ι enhances the phosphorylation of JNKs, and that inhibition of JNKs eliminates Pol ι-induced expression of MMP-2/9 (Figure [7](#F7){ref-type="fig"}). Furthermore, when the JNK inhibitor was applied to the ESCC cells overexpressing Pol ι, the Pol ι-induced aggressive phenotype of enhanced cell motility and invasion was reversed. JNKs were initially identified as stress activated protein kinases (SPAK) and are highly activated by cellular stresses, such as DNA damage \[[@R35]\]. Interestingly, transforming growth factor (TGF) β-activated kinase 1 (TAK1) is activated by the DNA damage response, which in turn, phosphorylates and activates JNK \[[@R35], [@R36]\]. It remains unclear whether overexpression of Pol ι induces the DNA damage response, subsequently leading to the activation of TAK1-JNK signal pathway. Nonetheless, a recent study by Fu and colleagues suggests that TAK1 expression correlates with lymph node metastasis and is a negative indicator of patient prognosis in resected T3N1-3M0 ESCCs \[[@R37]\]. Further investigation of the the potential interplay between Pol ι and the TAK1-JNK pathway during ESCC progression is warranted. In addition, Akt and other MAPK pathways are also reported to be coupled to MMP-2 and MMP-9 expression \[[@R38]\] and play essential roles during cancer progression. The potential interaction of Pol ι with these signaling pathways also merits further exploration.

In summary, our study has demonstrated that the expression level of Pol ι is positively associated with lymph node metastasisand poor prognosis in ESCC. Mechanistic studies revealed that Pol ι enhances the motility and invasiveness of ESCC cells via JNK-AP-1-mediated upregualtion of MMP2/9. These findings illustrate a role for Pol ι in ESCC progression, indicating that Pol ι is a potential prognostic marker and novel therapeutic target for metastatic ESCC.

MATERIALS AND METHODS {#s4}
=====================

Tissue samples and cell lines {#s4_1}
-----------------------------

Human ESCC tissues and adjacent tissues used in this study were obtained from Nanjing Medical University Affiliated Suzhou Hospital (Jiangsu, China). The tissue samples were immediately snap-frozen and stored at −80°C for real-time PCR analysis and histological examination. All of the samples were obtained with informed consent and the study was approved by the Institutional Ethics Committee of Nanjing Medical University. Human ESCC cell lines, including ECA-109, TE-1, TE-10 and KYSE-150 were obtained from the Shanghai Cell Bank (Shanghai, China). ECA-109, TE-1 and TE-10 cells were cultured in DMEM medium, and KYSE-150 cells were cultured in RPMI-1640 medium. All of the media (Hyclone, USA) were supplemented with 10% FBS (Hyclone, USA). The cells were incubated in a humidified atmosphere, with 5% CO^2^ at 37°C.

RNA extraction and quantitative RT-PCR {#s4_2}
--------------------------------------

Total RNA was isolated using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) following the manufacturer\'s instructions. The concentrations of RNA were determined using a NanoDrop2000 (NanoDrop, USA). For reverse transcription, 500 ng of RNA per sample was reverse transcribed using an oligo(dT)~12~ primer and Superscript II reverse transcriptase (Invitrogen Life Technologies, USA). qPCR analyses were conducted to quantitate mRNA expression using SYBR Premix Ex Taq (TaKaRa, Japan) with *β-actin* mRNA level as an internal control. The primers for *β-actin*, *Pol ι*, *MMP-2* and *MMP-9* were as follows: *β-actin*, Forward:5′-AGCGAGCATCCCCCAAAGTT-3′, Reverse: 5′-GGG CACGAAGGCTCATCATT-3′; *Pol ι*, Forward: 5′-ACAA ACCGGGATTTCCTACC-3′, Reverse: 5′-TCACACTTC CTTTCCCTTGAA-3′; *MMP-2*, Forward:5′-ACGGAA AGATGTGGTGTG-3′, Reverse:5′-TGGTGTAGGTGTA AATGGGT-3′; *MMP-9*, Forward: 5′-TATGGTCCTCG CCCTGAACCT-3′, Reverse: 5′-GCACAGTAGTGGC CGTAGAAGG-3′. The results of qPCR were defined by the threshold cycle (Ct), and relative expression levels were calculated by using the 2^−ΔCt^ method. PCR was performed using a StepOne Plus instrument (Applied Biosystems, USA).

Immunohistochemical (IHC) analyses {#s4_3}
----------------------------------

The expression pattern of Pol ι in human tissue samples was analyzed using immunohistochemistry. Tumor tissue sections were deparaffinized and heattreated with citrate buffer, pH 6.0, for 5 min as an epitope retrieval protocol. The tissue sections were then exposed to 0.03% hydrogen peroxide for 5 min to block endogenous peroxidase activity followed by incubation with POLI antibody (Proteintech, USA) diluted at 1:100 for 2 h at room temperature. HRP-conjugated anti-mouse antibody was then added for 1 h and the color was developed using 3-3′-diaminobenzidine. Following washing, the sections were counterstained with hematoxylin, washed and dipped briefly in a water bath containing drops of ammonia, prior to dehydration and mounting in Diatex. The stained sections were analyzed and scored using a Leica microscope (Leica Corporation, Germany).

Generation of stable cell lines {#s4_4}
-------------------------------

The human *Pol ι* coding region was amplified by PCR using a primer pair specific to *Pol ι* and the siRNA targeting *Pol ι* was obtained from Guangzhou RIBOBIO (Guangzhou, China). The fragments were inserted into the lentivirus (LV) expression vectors (containing EGFP, Shanghai GenePharma, China) and packaged into viral particles. The particles were individually used to infect ECA-109 cells and KYSE-150 cells. The cells were then harvested at 3 days post-infection and selected in medium containing 1μg/ml Puromycin (Sigma-Aldrich, USA) for 7 days. The stable cell lines were validated using qRT-PCR and western blot.

Wound-healing and invasion assays {#s4_5}
---------------------------------

Wound-healing assay was used to detect cell migration *in vitro*. Cells were seeded in 6-well plates and reached confluence in 24h. A thin mark was drawn vertically with a pipette tip in the 6-well plate. Cells were then washed three times with PBS to remove the floating and detached cells. Fresh serum-free medium was added, and photos were taken at 0, 24, 48 and 96h to assess cell migration using a light microscope (Leica Corporation, Germany).

Cell invasion was assessed using Matrigel-coated Transwell chambers (Costar Inc., UK). Cells were initially cultured in serum-free medium for 12 h. A total of 1×10^5^ (200 μl) cells were then plated in serum-free medium with BSA on 24-well Transwell inserts pre-coated with 40 μl Matrigel (1:4 dilution; BD Bioscience, CA). The lower chambers were filled with medium that contained 10% fetal bovine serum. After incubation for 24h (KYSE-150 cells) or 48 h (ECA-109 cells), the cells remaining in the upper chambers were scraped off, and the invading cells were fixed with 3.7% paraformaldehyde and stained with crystal violet. The penetration of cells through the membrane was photographed under a microscope.

Western blot analysis {#s4_6}
---------------------

Cells were harvested and lysed in RIPA lysis buffer (Beyotime Biotechnology, China) containing protease inhibitors for 20 min at 4°C. The proteins were separated by 10% SDS-PAGE and transferred to PVDF membranes (Millipore, MA). After blocking with 5% nonfat milk, the membranes were incubated with primary antibodies targeting β-actin (Beyotime Biotechnology, China), Pol ι (Proteintech, USA), MMP-2, MMP-9, JNK (Abcam, USA) and p-JNK (Cell Signaling Technology, USA). The membranes were then incubated with a horseradish peroxidase (HRP)-conjugated anti-rabbit or anti-mouse secondary antibody (Beyotime Biotechnology, China). The protein bands were visualized using enhanced chemiluminescence (ECL, Beyotime Biotechnology, China). Endogenous β-actin protein expression was detected as the internal control for each sample.

Luciferase reporter gene assay {#s4_7}
------------------------------

Pol ι overexpression and knockdown cells grown in 24-cell plates were transfected with 1 μg of pAP1-Luc (Clontech, USA) vector for 36h. Cell lysates were prepared using the lysis buffer contained in the Dual-Luciferase reporter assay kit (Promega, USA) and luciferase activity was measured by a luminometer (Promega-GloMax, USA). Relative luciferase activity was normalized by co-transfection with 50 ng pRL-SV40 vector and analysis of Ranilla luciferase activity.

*In vivo* imaging of KYSE-150 cell colonization {#s4_8}
-----------------------------------------------

Four-week old female BALB/c nude mice were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China), and maintained under specific pathogen-free conditions. KYSE-150 cells stably expressing shPol ι-EGFP or the vector control were washed from sub-confluent cell culture plates with PBS and then were re-suspended with RPMI-1640 at a concentration of 2×10^6^ cells/ml. A 0.15 ml of the suspended KYSE-150 cells was intravenously injected into the tail vein of each nude mouse. After 24 h, 48 h and 30 days, KYSE-150 cell colonization in the nude mouse organs was visualized using the Kodak *in vivo* imaging system. All the photos were taken under the same condition. The relative fluorescence intensity in the tissues was calculated using the Image J image analysis software (MD, USA). At 30 days, the livers, kidneys and lungs of nude mice were removed and fixated in 10% phosphate-buffered formaldehyde, and embedded in paraffin. Tumors were confirmed in H&E-stained sections. The design and implementation of the study were approved by the Ethics Committee at Nanjing Medical University.

Statistical analysis {#s4_9}
--------------------

The quantitative results are presented as the mean values ± SEM. Statistical analyses were performed using SPSS 19.0 software (IBM, USA). Statistical significance was considered to be a P-value \< 0.05. Differences between groups were estimated using the χ2 test and Student\'s t test. Overall survival rate was calculated actuarially according to the Kaplan-Meier method and analyzed by the log-rank test. Relationships of variables were explored by Pearson\'s correlation.
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